The basic Helix-Loop-Helix gene neurogenin1 (ngn1) is expressed in a complex pattern in the neural plate of zebrafish embryos, demarcating the sites of primary neurogenesis. We have dissected the ngn1 locus to identify cis-regulatory regions that control this expression. We have isolated two upstream elements that drive expression in precursors of Rohon-Beard sensory neurons and hindbrain interneurons and in clusters of neuronal precursors in the anterior neural plate, respectively. A third regulatory region mediates later expression. Thus, regulatory sequences with temporally and spatially distinct activities control ngn1 expression in primary neurons of the zebrafish embryo. These regions are highly similar to 5 0 sequences in the mouse and human ngn1 gene, suggesting that amniote embryos, despite lacking primary neurons, utilize related mechanism to control ngn1 expression. q
Introduction
The basic Helix-Loop-Helix (bHLH) transcription factors play crucial roles in the control of neurogenesis. The vertebrate bHLH factors of the Neurogenin (Ngn) subclass share many functional properties with their proneural counterparts of Drosophila (Hassan and Bellen, 2000; Lee, 1997; Salzberg and Bellen, 1996) . In the neural plate of lower vertebrates, such as zebrafish or Xenopus, the ngns define regions of primary neurogenesis that appear to be equivalent to proneural clusters in the Drosophila peripheral nervous system (Blader et al., 1997; Korzh et al., 1998; Ma et al., 1996) . Misexpression of ngns in the epidermis of zebrafish or Xenopus embryos induces ectopic neurons (Blader et al., 1997; Ma et al., 1996) and knock-down of zebrafish ngn1 by antisense morpholinos impairs formation of Rohon-Beard sensory neurons and dorsal root ganglia (Cornell and Eisen, 2002) . In agreement with loss of these sensory neurons, inactivation of ngn1 (ZFIN: neuroD3) impairs touch sensitivity of the zebrafish embryo (Golling et al., 2002) . Furthermore, several ngns are expressed in the neural tube of mouse and chicken embryos (Gradwohl et al., 1996; Ma et al., 1996; McCormick et al., 1996; Sommer et al., 1996) , and targeted mutation of mouse Ngn1 and -2 have highlighted the regulatory role of these genes in neurogenesis of mammalian embryos (Fode et al., 1998 (Fode et al., , 2000 Ma et al., 1998 Ma et al., , 1999 .
Amniote and anamniote embryos differ in their timing of neuronal differentiation. Neurogenesis is believed to begin in amniote embryos only after the neural tube has formed. In lower vertebrates, however, the first post-mitotic neurons already appear in the neural plate during late gastrulation (Korzh et al., 1993; Mendelson, 1986; Myers et al., 1986) . These early borne, so-called primary neurons, which are larger than the later borne secondary neurons, control the spontaneous and touch-evoked motility of the embryos via a scaffold of pioneering axonal connections (Kimmel et al., 1991; Kimmel and Westerfield, 1990) .
The differentiation of the primary neurons is forecasted by the expression of ngns in the neuroectoderm at the end of gastrulation (Blader et al., 1997; Korzh et al., 1998; , 1996) . The neural plate of zebrafish embryos shows a complex pattern of ngn1 expression representing the distinct sites of primary neurogenesis. Three stripes of expression at lateral, intermediate and medial position in each half of the posterior neural plate highlight the areas of Rohon-Beard sensory neurons, interneurons and motoneurons, respectively. In the anterior neural plate, distinct groups of cells express the gene. These include the anterior lateral edge of the neural plate, a cluster of cells in the midbrain anlage and several regions in the hindbrain representing reticulospinal neurons. The trigeminal ganglia also express the gene at this stage (Blader et al., 1997; Korzh et al., 1998) .
The spatially complex pattern of ngn1 expression in the neural plate suggests that ngn1 is a target of multiple signals and an integration point of both dorsoventral and anteroposterior positional cues in gastrula and early neurula stage embryos. Here, we report the identification of two regulatory sequences in the zebrafish ngn1 locus that mediate expression in the neural plate in patterns similar to that of the endogenous ngn1 gene. An upstream element drives reporter gene expression in the lateral stripes of the posterior neural plate (lateral stripe element, LSE) including the Rohon Beard sensory and hindbrain reticulospinal neuron precursors. The second element (anterior neural plate element, ANPE) controls expression in the anterior neural plate. The sequences of these elements are related to sequences in the mouse and human ngn1 gene suggesting that lower and higher vertebrates employ common regulatory mechanisms to drive expression of the neural determination gene ngn1 despite the differences in the timing and setting of neurogenesis.
Results

A ngn1 transgene with 8.4 kb upstream sequence drives expression in the neural plate
To identify regulatory elements, which control expression of ngn1 in the zebrafish embryo, we inserted 8.4 kb of ngn1 upstream sequence in front of a green fluorescent protein (gfp) reporter gene, thereby placing it under control of the ngn1 promoter and putative regulatory sequences. The resulting 28.4ngn1:gfp transgene was injected into the zebrafish zygote, and embryos were raised to adulthood. Transmission of an expressing transgene to the F1 generation was assessed by random crossing of G0 siblings and by analysis of embryos under epifluorescence. Five founders whose offspring expressed GFP were identified from 75 fish screened. As the five lines expressed GFP in an identical pattern (data not shown), only positive embryos from one of these lines were raised to establish a heterozygous stock of transgenic fish. In parallel, we generated a transgenic line using red fluorescent protein (rfp) as reporter gene (28.4ngn1:rfp) . The pattern of expression of this transgene is identical to that of 28.4ngn1:gfp (data not shown).
We first assessed whether the transgene controlled GFP expression in the neural plate. However, as translation of GFP protein may be delayed, we compared endogenous ngn1 with gfp mRNA expression by in situ hybridization. The transgene is expressed in a trapezoidal domain immediately anterior to the future midbrain/hindbrain boundary and in isolated groups and stripes of cells in the hindbrain anlage of the neural plate (Fig. 1A ) in a similar pattern as the endogenous ngn1 gene (Fig. 1E) . The gfp mRNA is also detected at the lateral edges of the anterior neural plate (Fig. 1A) . In the posterior neural plate, the lateral stripes from which the Rohon Beard neurons will develop, display high levels of gfp mRNA (Figs. 1B,F) . In contrast to endogenous ngn1, however, expression of the transgene is weak in the precursors of primary motor neurons and completely absent in precursors of spinal cord interneurons (Figs. 1B,C,F,G), suggesting that the 8.4 kb ngn1 sequence is not sufficient to drive expression in these neurons efficiently at the neural plate stage. As with the endogenous ngn1 mRNA, gfp transcripts were abundant in the center of the tailbud (Figs. 1C,D,G,H) . In summary, with the exception of motor neurons and interneurons, 8.4 kb of ngn1 upstream sequence controls reporter gene expression in the lateral and anterior neural plate in a pattern similar to that of the endogenous ngn1 gene.
The 8.4 kb upstream sequence harbors multiple regulatory regions
To narrow down the regulatory regions in the 8.4 kb ngn1 fragment, we cloned transgenes which contain progressive (Fig. 2C) . Thus, expression in these lateral domains requires sequences between 25313 and 26898 bp. Expression in the anterior neural plate was not significantly altered in the 25.3ngn1:gfp or the 23.4ngn1:gfp transgenic lines (Fig. 2D ), suggesting that elements downstream of 23416 bp control these aspects of the pattern. When the 5 0 deletion was extended to 23122 bp (23.1ngn1:gfp), expression in the anterior neural plate was severely reduced (Fig. 2E) , locating a regulatory region between 23416 and 23122 upstream of the ATG. Tail bud expression was not affected in 23.1ngn1:gfp transgenics, serving as control for staining efficiency, transgene integration and levels of expression.
In summary, the 8.4 kb upstream region of the ngn1 gene contains at least two distinct regions that mediate expression in the neural plate: sequences between 26898 and 25313 (lateral stripe element, LSE) are required for expression in precursors of Rohon Beard sensory and reticulospinal neurons. A second regulatory region between 23416 and 23122 (anterior neural plate element, ANPE) controls the expression in the anterior neural plate.
Distinct regulatory regions control expression in the neural tube
At 48 h, the 28.4ngn1:gfp transgene is expressed in many neurons along the entire neural tube (Fig. 3A) . Groups of cells express the reporter gene in the brain. The regions include the dorsal telencephalon and clusters in the diencephalon, midbrain and hindbrain. Very high levels of GFP expression are detected in the Rohon Beard sensory neurons and in the dorsal root ganglia (Figs. 3A,C). Lower transgene expression was apparent in ventral spinal cord neurons presumably interneurons and motor neurons (Figs. 3A,C) .
Curiously, the 23.1ngn1:gfp transgene which directed very limited gfp expression in the neural plate, mediates strong GFP expression in the 48 h old embryo (Fig. 3B) . Expression is found in Rohon Beard cells and in dorsal root ganglia. Similarly, the brain shows transgene expression at high levels and in a pattern similar to that of the full length construct 28.4ngn1:gfp (Fig. 3B) . In contrast to the 28.4ngn1:gfp transgene, however, expression in the telencephalon was missing and only few presumptive interneurons express the 23.1ngn1:gfp transgene in the spinal cord (Fig. 3D) , suggesting a role for sequences upstream of 23122 in the control of ngn1 expression in these territories. GFP expression from 23.1ngn1:gfp becomes active in RB neurons during mid-somitogenesis (data not shown). Taken together, these results suggest that additional regulatory elements reside in the region between the ATG and 23122 bp that mediate expression in sensory neurons and in the brain.
2.4. The neural plate element maps to a 212 bp region and depends on BMP2b (Swirl) signaling
The LSE maps to a rather large region between 26898 and 25313 bp. To identify the sequences responsible for the regulatory activity of the LSE more precisely, an overlapping set of internal deletions (Fig. 4A ) was generated covering the region between 26898 and 25313. The resulting expression constructs (28.4(del1)ngn1:gfp-2 8.4( del9)ngn1:gfp) were introduced into the germ line and transgenic embryos were analyzed by in situ hybridization with the gfp antisense probe at the neural plate stage. The overlapping deletion constructs 28.4(del2)ngn1:gfp and 28.4(del3)ngn1:gfp that lack sequences between 26886 and 26490 and between 26702 and 26294, respectively, failed to express GFP in precursors of Rohon Beard sensory neurons and reticulospinal neurons (Figs. 4A-C and data not shown). The other constructs showed a pattern of expression identical to the full-length transgene (Figs. 4B,D,E) . Hence, sequences which are necessary for LSE function are located between 26702 and 26490 bp.
Embryos carrying mutations in the BMP2b protein encoded by the swirl locus are dorsalized and show an expansion of the neural plate (Kishimoto et al., 1997; Mullins et al., 1996; Nguyen et al., 1998) . Differentiation of neurons in the lateral aspects of the neural plate requires an intact BMP signaling system (Barth et al., 1999; Nguyen et al., 2000) . To address whether the LSE depends on BMP2b (Swirl) activity, we crossed the 28.4ngn1:gfp transgene into a swirl mutant background. Transgenic swirl mutants do not show GFP expression in the posterior region of the expanded neural plate (Figs. 4F-H) . Transgene expression in interneurons of the hindbrain, which is also dependent on the LSE, is expanded in the mutant (Fig.  4G,H, arrowhead) . Thus, the two LSE-dependent expression domains are affected differently by lack of BMP2b (Swirl) signaling.
ANPE-dependent expression territories in the anterior neural plate are also expanded in swirl mutants (Figs. 4G,H), as noted previously for other anterior neural plate markers (Barth et al., 1999; Nguyen et al., 2000) . This suggests that the ANPE may also receive input from the BMP signaling system, consistent with the notion that BMPs act throughout the neural plate (Barth et al., 1999; Nguyen et al., 2000) .
Control of expression in the anterior neural plate is redundantly encoded
As progressive 5 0 deletion analysis showed (Fig. 2) , ANPE activity localizes to the sequence between 23.4 and 23.1 kb (Figs. 5A,E,F). While 5 0 deletions reveal the activity of the ANPE, they cannot exclude the existence of additional upstream elements acting redundantly. We thus tested a transgene in which the ANPE was deleted internally (28.4(delH/X)ngn1:gfp, Figs. 5A,D) . Surprisingly, GFP expression in the anterior neural plate is present in fish carrying the ANPE-deleted transgene. This demonstrates that the activity of the ANPE is redundantly encoded in the upstream region of ngn1. A likely candidate region for the redundant ANPE activity is the LSE. However, searches of the ANPE and the LSE for common sequence motifs did not detect convincing homologies. Fine-grained mutational analysis of the element regions is required to determine critical nucleotides.
2.6. The sequences of the zebrafish neural plate elements are conserved in mammalian ngn1 loci
Comparison of non-coding sequences between teleosts and mammals can provide clues to regions with regulatory potential (Elgar et al., 1996; Müller et al., 2002) . We compared 14 kb of sequence encompassing the zebrafish ngn1 with the human and mouse ngn1 locus using the BLAST algorithm. Five conserved stretches of sequence outside of the coding region were identified in the human and the mouse Ngn1 loci (Fig. 6A) . Two conserved regions mapped precisely to the LSE (Figs. 6A,B ) and the ANPE (Figs. 6A,C) . For example, the overall identities in the two regions of human and zebrafish ngn1 is 61% (over a region of 250 bp) and 69% (over a region of 140 bp) in the LSE and the ANPE, respectively (Figs. 6B,C) . This suggests that aspects of the two elements are conserved in higher vertebrates where they may be utilized to regulate expression of Ngn1. Three other regions showed strong homology. The homology region which overlaps with the putative transcription start site most likely represents conserved aspects of the ngn1 promoter (68% over 190 bp, human/zebrafish). An upstream region (22HOM) between 21783 and 21380 (67% identity between human and zebrafish) and a conserved stretch (62% over 250 bp, human/zebrafish) downstream of the coding region may reflect other regulatory regions (Fig. 6A) .
Discussion
By analysis of stable transgenic zebrafish embryos, we identified several regulatory regions in the ngn1 gene. Two of these elements, the LSE and the ANPE, that were mapped to the intervals between 26702 and 26490 and between 23416 and 23122, respectively, drive expression in the neural plate. The LSE controls expression in the precursors of Rohon Beard sensory neurons in the spinal cord and reticulospinal neurons in the hindbrain. In contrast, control of expression in the neuronal clusters of the anterior hindbrain and in the midbrain is encoded redundantly. Both the ANPE and sequences between 28405 and 25313 drive expression in the anterior neural plate.
Albeit not mapped precisely, the LSE is a good candidate to also harbor the regulatory sequences that are responsible for this redundant control of expression in the anterior neural plate, because this is the only fragment with high sequence conservation in this region. Sequence comparison between the 212 bp LSE and the 294 bp ANPE did not, however, reveal common sequence motifs that were indicative for shared transcription factor binding sites. Given the highly degenerate character of certain classes of binding sites, high resolution mapping of functional residues within the two regulatory regions is required to identify common motifs unambiguously.
Differentiation of Rohon Beard neurons requires BMP2b (Swirl) signaling (Barth et al., 1999; Nguyen et al., 2000) . It was not clear from these studies whether BMPs act at the level of ngn1 expression, or at a later step of Rohon Beard cell differentiation. Our data suggest that the LSE could be a target of BMP2b (Swirl) signaling. LSE-dependent transgene expression in interneurons of the hindbrain was not abolished but rather expanded in the mutant. Hence, the two LSE-dependent expression domains are affected differently by lack of BMP2b (Swirl) signaling. Analysis of mutants with varying levels of BMP signaling suggested that BMPs act on both sensory neurons and interneurons (Barth et al., 1999; Nguyen et al., 2000) . Depending on the residual levels of BMP signaling, however, differentiation of either cell type can be abolished or expanded (Barth et al., 1999) . The spatial and temporal activity of the LSE in the gastrula and early neurula of wildtype embryos and the dependence of its activity on BMP2b (Swirl) signaling are consistent with the LSE being a target of BMP signaling that senses and integrates differing levels of BMPs.
While the LSE is the only regulatory region in the 8.4 kb upstream sequence that controls expression in Rohon-Beard precursor cells at the neural plate stage, another regulatory region located downstream of 23122 contributes to later expression in the mature Rohon-Beard cells. This region is also important for expression in dorsal root ganglia and various neuronal clusters of the brain. This late regulatory activity was localized in the region between 23122 and 21102 by transient analysis of transgenes (P.B., unpubl.). The conserved region 22.0Hom is thus a likely candidate element for this activity.
The 23.1ngn1:gfp transgene is not able to direct expression in the neural plate efficiently suggesting different regulatory mechanisms at neural tube stages. Mechanistic differences in early and late neurogenesis have previously been revealed by the phenotypic consequences of mutations in the ned-1 locus. The ned-1 b39 mutation impairs development of late-borne, secondary neurons while primary neurons appear unaffected (Grunwald et al., 1988) . The activity of the late acting ngn1 element is, however, not restricted to secondary neurons.
As the late acting element is inactive in precursors of Rohon Beard sensory neurons, distinct mechanisms control ngn1 expression in precursors and mature primary sensory neurons. Mutations in the narrowminded locus reduce the number of primary Rohon-Beard sensory neurons and the later-borne dorsal root ganglia (Artinger et al., 1999) . The number of GFP expressing precursors as well as mature Rohon Beard cells and dorsal root ganglia is reduced in 28.4ngn1:gfp transgenics crossed into a narrowminded mutant background (P.B., C.P. unpubl.). Narrowminded is therefore a candidate regulator of ngn1 acting on both the LSE and the 22HOM regions indicating that the mechanisms controlling expression in Rohon Beard sensory neurons during early and late stages utilize Narrowminded as a common component. Thus, early and delayed regulatory mechanisms are related but distinct.
Both the LSE and ANPE are conserved in the mouse and human Ngn1 loci suggesting that these regions play also important regulatory roles in the expression of mammalian Ngn1. Indeed, the upstream region of mouse ngn1 that includes the homology to the LSE and to the ANPE mediates expression in the midbrain, the hindbrain, and the dorsal neural tube in the mouse embryo (Gowan et al., 2001) . Moreover, the promoter region (Fig. 6, region 5 0 ) is conserved. This region was shown to direct neural expression in the mouse (Murray et al., 2000) . We did not, however, find evidence that the zebrafish ngn1 promoter has retained this activity (P.B., C.P., unpubl.). Another conserved region, located in the 3 0 UTR of ngn1 is shared with the mouse Ngn1 and Ngn2 genes. Interestingly, the Ngn2 region was shown to drive expression in the mouse CNS. (Simmons et al., 2001) . Remarkably, all the regions of conservation were maintained in the same order and the same orientation relative to the coding region and to one another in the ngn loci of zebrafish and mammals suggesting that not only individual regulatory regions but also the overall regulatory architecture of the ngn loci were conserved during the estimated 400 million years of independent evolution. Amniotes do not form primary neurons in the neural plate. They build their nervous system entirely by secondary neurogenesis after the neural tube has formed. Our findings that elements, which control expression in precursors of zebrafish primary neurons, are highly conserved in the corresponding mammalian loci suggest that the control of ngn1 expression shares common features in mammals and teleosts.
Experimental procedures
Fish stocks
The wild-type line is an intercross between the AB line (University of Oregon, Eugene) and the wtOX line which was purchased from the Goldfish Bowl, Oxford, UK and has been bred for several years in our laboratory as described (Westerfield, 1993) . The swirl ta72 mutant allele was kindly provided by H.-G. Frohnhoefer, Artemis, Tübingen.
Cloning of transgenes
All cloning was done following standard procedures (Sambrook and Russel, 2001 ). The ngn1 locus was subcloned from a phage l clone (Blader et al., 1997) and sequenced. A NcoI site was PCR-engineered next to the ATG, and the 3122 bp XmaI/NcoI fragment containing the ngn1 promoter was cloned in front of the gfp coding region. A 5283 bp NotI/XbaI fragment comprising the promoterdistal ngn1 region was subsequently inserted upstream to produce the 28.4ngn1:gfp construct containing 8405 bp ngn1 sequence. 5 0 deletions were generated from the 28.4ngn1:gfp construct by restriction digestions, and internal deletions in the LSE were generated by PCR. Details of the constructions are available upon request.
Microinjection of zebrafish embryos
Transgenes were excised from plasmids and separated by agarose gel electrophoresis followed by purification with the Quiaquick Kit (QIAGEN). Eggs were dechorionated using Pronase E as described (Westerfield, 1993) . Dechorionated eggs were transferred to agar-coated plastic dishes containing 10% Hank's solution (Westerfield, 1993) . Before injection, phenol red was added to 0.1% final concentration. DNA fragments were injected into the yolk of 1-2-cell stage zebrafish embryos at a concentration of between 50 and 100 ng/ml.
Analysis of GFP expression and in situ hybridization
In situ hybridization was performed as described (Oxtoby and Jowett, 1993) . GFP expression was analyzed in lateral views with a Leica TCS SP2 confocal microscope equipped with an Argon/Krypton-laser. Optical sections were taken through the entire embryo and stacks of images were used to generate projections. Image processing was carried out with the program TIMT (J.L. Vonesch, unpubl.).
Sequence comparisons
Zebrafish and human genome were compared using Blast (Altschul et al., 1990) on the NCBI server. The mouse sequences were found with Blast and downloaded from the EMBL-EBI/Sanger center Ensembl server (Hubbard et al., 2002) . Multiple alignments were done with pileup from the GCG suite (Genetics Computer Group Inc) and Clustal W (Thompson et al., 1994) . Sequence similarities were calculated with the global alignment gap (GCG).
Note added in proof
The 14 kbp sequence of ngn1 has been submitted to GeneBank (accession number AF017301).
